This article investigates the effect different delete and revise procedures have on the performance of twostage short-run control charting methodology in the second stage of its two stage procedure. Five variables control chart combinations, six delete and revise procedures, and various out-of-control situations in both stages are considered.
Introduction
Control charting in short-run situations has received much attention in the literature. In a short-run situation, little or no historical information is available about a process in order to estimate process parameters to begin control charting. The application of two-stage control charting, which is used to determine the initial state of the process and the control limits for testing the future performance of the process, to short-run situations has resulted in a Shewhartbased control chart methodology with control chart factors for finite numbers of subgroups (Hillier, 1969; Yang & Hillier, 1970) .
The recent extension of this methodology to s) , X ( (Elam & Case, 2005a ) and (X, MR) (Elam & Case, 2008) control charts, as well as the computerization of the control chart factor calculations for two-stage short run R) , X ( (Elam & Case, 2001 ), v) , X ( and ) v , X ( (Elam & Case, 2003) , s) , X ( (Elam & Case, 2005b) , and (X, MR) (Elam & Case, 2006) has allowed for its further examination. Of particular interest is the effect that different delete and revise (D&R) procedures have on the performance of the Matthew E. Elam is an Associate Professor of Industrial Engineering and is an ASQ Certified Quality Engineer. Email: Matthew_Elam@tamu-commerce.edu. methodology in the second stage of the twostage procedure. A D&R procedure removes out-of-control subgroups in stage one, allowing the data used to construct stage two control limits to be considered in-control. The removal of data in stage one becomes a more serious issue in a short-run situation because the less data available to construct stage two control limits, the less reliable they will be.
This article considers six different D&R procedures for establishing control of a process in the first stage of the two-stage procedure. The first D&R procedure (D&R 1) is from Hillier (1969), Ryan (1989) , & Montgomery (1997) . It executes as follows: i. Deletes out-of-control (OOC) initial subgroups on either the control chart for centering or spread entirely (i.e., if a subgroup shows OOC on either control chart, it is deleted from both charts). ii. Recalculates control limits for both charts using the subgroups remaining after step i. iii. Determines OOC subgroups. iv. Repeats steps i-iii until no initial subgroups show OOC on either chart. The second D&R procedure (D&R 2) is from Pyzdek (1993) . It executes as follows: i. Deletes OOC initial subgroups on the control chart for spread. ii. Recalculates control limits for the control chart for spread using the subgroups remaining after step i. iii. Determines OOC subgroups. iv. Repeats steps i-iii until no initial subgroups show OOC on the control chart for spread.
v. Determines control limits for the chart for centering using the parameter estimate for spread obtained after completing steps i-iv and the overall average obtained from all of the initial subgroups. vi. Repeats steps i-ii for the control chart for centering until no initial subgroups show OOC.
The third D&R procedure (D&R 3) is from Case (1998) . It deletes OOC initial subgroups on the control chart for spread just once. No D&R is performed on the control chart for centering.
The fourth D&R procedure (D&R 4) is from Doty (1997). It does not perform D&R. This means that all initial subgroups are used to determine second stage control limits for both the control charts for centering and spread.
The fifth D&R procedure (D&R 5) is a hybrid of D&R 1 in that it iterates only once. It deletes OOC initial subgroups on either the control chart for centering or spread entirely (i.e., if a subgroup shows OOC on either control chart, it is deleted from both charts). D&R is performed just once.
The sixth D&R procedure (D&R 6) is a hybrid of D&R 2 in that it iterates only once. It executes as follows: i. Deletes OOC initial subgroups on the control chart for spread once. ii. Determines the control limits for the chart for centering by using the parameter estimate for spread obtained after completing step i and the overall average obtained from all initial subgroups. iii. Performs step i for the control chart for centering. Any of the six D&R procedures may be used on two-stage short-run R) ,
, and s) , X ( control charts. However, only D&Rs 2, 3, 4, and 6 may be used on twostage short-run (X, MR) control charts because the MR values are calculated from two consecutive X values, thus no single MR value can be associated with a single X value. Consequently, D&Rs 1 and 5, which delete OOC initial subgroups on either the control chart for centering or spread entirely (i.e., if a subgroup shows OOC on either control chart, it is deleted from both charts), cannot be used on two-stage short-run (X, MR) control charts.
Methodology
The methodology for investigating the effect these six D&R procedures have on the performance of two-stage short-run control charting in its second stage consists of three elements. The main element is the computer program that simulates two-stage short-run variables control charting. The second element, which is included in the operation of the program, is the measurements used to determine which D&R procedure establishes the most reliable second stage control limits. The third element, which is explained using sample runs from the program, is the interpretation of the results from the program.
Measurements
The computer program presented here uses two sets of measurements to provide information that may be used to determine the reliability of second stage control limits. The first set of measurements is: the probability of detection (POD), the average run length (ARL), and the standard deviation of the run length (SDRL). The second set of measurements is: the probability of a false alarm (P(false alarm)), the average probability of a false alarm (APFL), and the standard deviation of the probability of a false alarm (SDPFL).
The POD is the probability that a control chart will signal, within a given number of subgroups following a shift, that a process is out-of-control (OOC). Additionally, if a process is in-control (IC), the POD may be interpreted as the probability of a Type I error (i.e., the probability of a false alarm) within a given number of subgroups starting with the first subgroup drawn from the process.
Using the POD allows for the characterization of the run length (RL) distribution. This is particularly useful in a short-run situation because it is desirable to know, for small numbers of subgroups, the probability of detecting a special cause signal or a false alarm. Using the ARL, which is the average number of subgroups that must be plotted on a control chart before an OOC condition is indicated, in a short-run situation is not appropriate because a short-run may not last long enough to achieve the ARL. Additionally, as will be shown, the ARL can be misleading in choosing the appropriate D&R procedure.
The POD may be expressed mathematically as: POD = P(RL ≤ t) (1) where RL is the run length (in number of subgroups), t is the subgroup number, and P(RL ≤ t) is the probability that the RL is less than or equal to subgroup number t. As calculated by the computer program herein, for an OOC situation in the second stage of the two-stage procedure, the subgroup count starts at one at the first OOC subgroup. For an IC situation, the subgroup count starts at one with the first subgroup drawn from the process in the second stage.
Each time the program simulates twostage short-run variables control charting an RL value is determined. As the simulation is repeated, RL and 2 RL values are summed, and counts for the number of RLs less than or equal to each integer value in the interval [1, 50000] are kept. Once the repeating of the simulation is complete, the two sums are used to calculate the ARL and the SDRL, which is the standard deviation of the number of subgroups that must be plotted on a control chart before an OOC condition is indicated. The counts are used to determine the POD values.
For an OOC situation in the second stage of the two-stage procedure, it is desirable to have the highest possible POD values and the lowest possible ARL. For an IC situation in the second stage, it is desirable to have the lowest possible POD values and the highest possible ARL.
The probability of a false alarm (P(false alarm)) is the probability of a control chart indicating an OOC condition when none exists. Hillier's (1969) methodology, upon which the two-stage short-run variables control charts are based, allowed for the specification of the desired P(false alarm), that is, the desired Type I error probability.
The computer program presented here calculates the P(false alarm) when an OOC situation occurs beyond the first subgroup drawn from the process in the second stage of the twostage procedure. Each time the program simulates two-stage short-run variables control charting under these conditions, a value for P(false alarm) is determined. As the simulation is repeated, P(false alarm) and P(false alarm) 2 values are summed. Once the repeating of the simulation is complete, these two sums are used to calculate the APFL and the SDPFL. It is desirable for the P(false alarm) values, and consequently the APFL, to be as low as possible.
The Computer Program
The computer program that simulates two-stage short-run variables control charting is available starting at http://program.20m.com. It is coded in FORTRAN (1999) . The program is intended to simulate two-stage short-run variables control charting of a process before initiating it so that a decision can be made regarding which D&R procedure to use when performing two-stage short-run variables control charting during the early run of the process. The D&R procedures provided by the program were described earlier; each segment of the program and its operation is now detailed.
The main program cc (control charting) includes the data entry, file setup, subroutine calls, summations of various values determined by the subroutines, final ARL, SDRL, P(false alarm), APFL, and SDPFL calculations, and the output of information to a file. It is the only segment of the program requiring user interaction.
The following inputs (in order of appearance in the program) are requested from the user in the main program cc:
• The process mean and standard deviation.
• The number of times to replicate the twostage short-run control charting procedure.
• The control chart combination:
• The subgroup size (not applicable to (X, MR) control charts).
• The number of subgroups for Stage 1.
• The choice of simulating the process in Stage 1 as IC or OOC. If OOC is chosen, the user is requested to enter the choice of a sustained shift in the mean, the standard deviation, or both. Once a shift type is selected, the program prompts for the shift size (in the same units as the parameter that has shifted) and the number of the first subgroup after the shift in Stage 1.
• The choice of simulating the process in Stage 2 as IC or OOC. If OOC is chosen, the user is requested to enter the choice of a sustained shift in the mean, the standard deviation, or both. Once the user chooses a shift type, the program prompts for the shift size (in the same units as the parameter that has shifted) and the number of the first subgroup after the shift in Stage 2.
• The choice of using a different starting value for seed for the Marse-Roberts Uniform (0, 1) random variate generator (Marse & Roberts, 1983) coded as subroutine random in module random_mod.
• The D&R procedure (entered as 1, 2, 3, 4, 5, or 6). The program describes the execution of each D&R procedure in detail for the user.
• The name (including the location) of the text file (extension .txt) containing the two-stage short-run control chart factors for the control chart combination entered earlier.
• The name (including the location) of the text file that will store the results from the program. The second to last bullet point above requires further explanation. Appendix A shows the five input files that were used to generate the results in this study. The first input file contains the first and second stage short-run control chart factors for R) , X ( charts from Table A4 in Elam & Case (2001) The only difference between the appearance of the input files and their corresponding tables in their respective references is that the first stage short-run control chart factors in the first row of each input file are set to zero. This is required in order for the program to correctly read the second stage shortrun control chart factors from these input files when m=1 (in the case of R) ,
, and s) , X ( control charts) or m=2 (in the case of (X, MR) control charts).
When data entry is complete, the first replication of the two-stage short-run control charting procedure begins as program execution proceeds from main program cc to module Stage_1 and the subroutine for the control chart combination entered by the user. Each of the five subroutines for Stage 1 control charting performs the following tasks:
• Reads first stage short-run control chart factors from the input file.
• Generates first stage subgroups.
• Constructs first stage control limits.
• Determines OOC subgroups. The tasks in the last two points use Hillier's (1969) approach. When Stage 1 control charting is complete, program execution returns to main program cc.
Once program execution returns to main program cc, it immediately proceeds to module D_and_R and the subroutine for the D&R procedure selected by the user. When the D&R procedure is complete, program execution returns to main program cc. At this point, the program assumes that control of the process has been established.
Once program execution returns to main program cc, required summations are calculated and required variable assignments are made. Program execution then proceeds to module Stage_2 and the subroutine for the control chart combination entered by the user. Each of the five subroutines for Stage 2 control charting performs the following tasks:
• Reads second stage short-run control chart factors from the input file.
• Constructs second stage control limits.
• Generates second stage subgroups.
• Determines the run length (RL) and, if applicable, if a false alarm occurs. The calculations in the point above are based on the signaling capabilities of combined control charts for centering and spread; i.e., a signal occurs if a subgroup plots OOC on either the control chart for centering or the control chart for spread. The number of the first subgroup that signals is the RL value. The second stage control limits are not updated as subgroups are accumulated. When an RL value is determined, Stage 2 control charting is complete and program execution returns to main program cc.
In main program cc after Stage 2 control charting, required summations are calculated. When this is complete, execution returns to the location in main program cc immediately before the five subroutine calls for Stage 1 control charting to begin the second replication. The entire procedure for two-stage short-run control charting repeats for the number of times entered by the user.
After the last replication, program execution in main program cc proceeds to writing the following information to the output file:
• The number of replications of the two-stage short-run control charting procedure that was carried out.
• The control chart combination ( R) ,
• The D&R procedure.
• The state of the process in Stage 1: IC or OOC. If it is OOC, then the type of sustained shift, the shift size (in the same units as the parameter that has shifted), and the number of the first subgroup after the shift in Stage 1 are given.
• The state of the process in Stage 2: IC or OOC. If it is OOC, then the type of sustained shift, the shift size (in the same units as the parameter that has shifted), and the number of the first subgroup after the shift in Stage 2 are given.
• The ARL and SDRL.
• The APFL and SDPFL (if applicable).
• A table of POD values. The information in the first eight bullet points was entered by the user. The values in the last three bullet points are calculated by the program.
In addition to these calculated values, the computer program determines counts of the number of occurrences of certain events (when applicable). These events are as follows:
• The number of times out of the total number of replications that D&R 1 iterated more than once.
• The number of times out of the total number of replications that D&R 2 iterated more than once for the control chart for spread as well as for the control chart for centering.
• The number of times out of the total number of replications the program skipped a replication because the number of subgroups dropped to zero (for two-stage short-run R) ,
, and (X, MR) control charts) or one (for two-stage short-run (X, MR) control charts) after OOC subgroups were deleted in a D&R procedure.
• The number of times out of the total number of replications a D&R procedure was stopped because the number of subgroups dropped to one (for two-stage short-run R) ,
, and s) , X ( control charts) or two (for two-stage short-run (X, MR) control charts) after OOC subgroups were deleted. These counts, if applicable, are also written to the output file.
Once the above information, applicable calculations, and applicable counts have been written to the output file, execution of the computer program is complete.
Results
Fourteen pairs of tables (Tables 1a-14b) were constructed from output files generated from sample runs of the computer program. Tables 1a  and 1b are shown here. Tables 2a-14b 
• Stops: the number of times out of the total number of replications carried out that a D&R procedure was stopped because the number of subgroups dropped to one (for
, and s) , X ( control charts) or two (for two-stage short-run (X, MR) control charts) after OOC subgroups were deleted.
The sample runs of the program that generated the information in Tables 1a-14b assumed the following:
• The process mean and standard deviation are always 0.0 and 1.0, respectively.
• The planned number of replications is always 5,000.
• The subgroup size n is always 3 (not applicable to (X, MR) control charts 
, and (X, MR) charts was simulated using all six D&R procedures for each control chart combination. The results of these simulations appear in Tables 1a-5b .
Because the process is being simulated as IC in Stage 2, it is desirable for the ARL values in Tables 1a-5a to be as high as possible. Also, it is desirable for the P(RL≤t) values in Tables 1b-5b to be as low as possible (because they correspond to probabilities of false alarms within t or less subgroups after starting Stage 2 control charting), especially for small numbers of subgroups (because a short-run situation is in effect).
Based on both of these criteria, the information in Tables 1a-5b indicates that D&R 4 is, for the most part, the D&R procedure of choice. The only exception is in Table 3a , where D&R 1 is the D&R procedure of choice based on the ARL. This implies that, under the assumptions of this simulation, it is preferable to use subgroups that signal false alarms in the construction of second stage control limits. The cost, in terms of the loss in reliability of second stage control limits, is higher by throwing out subgroups that signal false alarms than it is by including them in the construction of second stage control limits. The information in Tables 1b-4b also indicates that the P(RL≤t) values when t=1 are reasonably close to the theoretical probability of a false alarm. Assuming independence between the control charts for centering and spread, the theoretical P(false alarm) may be calculated by:
where Cen α is the P(false alarm) on the control chart for centering, SpreadUCL α is the P(false alarm) on the control chart for spread above the upper control limit (UCL), and SpreadLCL α is the P(false alarm) on the control chart for spread below the lower control limit (LCL (2), is equal to 0.0086838. For example, the P(RL≤t) value from Table 1b for D&R 1 and t=1 is 0.00940. The fact that this value is reasonably close to the theoretical probability of a false alarm is not surprising. As mentioned previously, Hillier's (1969) methodology, upon which the two-stage short-run variables control charts are based, allowed for the specification of the desired probability of a false alarm.
In Table 5b , each of the P(RL≤ t) values for t=1 are much lower than 0.0086838. The closest one is 60.847% smaller than 0.0086838. However, these lower P(RL≤t) values for t=1 come at the price of having the lowest ARL for D&R 4 among Tables 1a-5a. This is an example of the tradeoff mentioned by Del Castillo (1995) between having a low probability of a false alarm and a high probability of detecting a special cause signal inherent with two-stage short-run control charts.
The information in Tables 1a-5a also indicates that D&R 1 and D&R 2 are iterating more than once. These multiple iterations seem to create conditions causing replications to be skipped and the chosen D&R procedure to be stopped. Also, if confidence intervals were constructed using the ARL and SDRL values in Tables 1a-5a , then, depending on the confidence level chosen, the ARL results in Tables 1a-5a may not be statistically significantly different.
Sample Runs for an OOC Process in Stage 1 and an IC Process in Stage 2
The next 18 sample runs of the program were for the process being OOC during Stage 1 control charting and IC during Stage 2 control charting. Two-stage short-run control charting for R) , X ( charts was simulated using all six D&R procedures for each OOC condition (MN, SD, MS). The results of these simulations are shown in Tables 6a-8b .
Because the process is being simulated as IC in Stage 2, it is desirable for the ARL values in Tables 6a-8a to be as high as possible. Also, it is desirable for the P(RL≤t) values in Tables 6b-8b to be as low as possible (because they correspond to probabilities of false alarms within t or less subgroups after starting Stage 2 control charting), especially for small numbers of subgroups (since a short-run situation is in effect).
Based on the ARL, Tables 6a-8a indicate that D&R 1 was the procedure of choice, regardless of the OOC condition in Stage 1. However, the SDRL values for D&R 1 are higher than those for the other D&R procedures. The ARL for D&R 1 in Table 7a is higher than the ARL values for D&R 1 in Tables 6a and 8a . The ARL for D&R 1 in Table 6a is the lowest of the three. These results imply that, under the assumptions of this simulation, the type of OOC condition in Stage 1 has an effect on the IC ARL in Stage 2. Additionally, the ARL values for each of the six D&R procedures in Table 1a are higher than the respective ARL values in Tables  6a-8a . This result implies that, under the assumptions of this simulation, an OOC condition in Stage 1 caused a reduction in the IC ARL in Stage 2, regardless of the D&R procedure used.
The choice of the appropriate D&R procedure based on the P(RL≤t) values in Tables 6b-8b varies depending on the OOC condition as well as the subgroup number t. In Table 6b , D&R 4 results in the lowest P(RL≤t) values for shown values of t ≤ 10. For shown values of t > 10, D&R 1 is the D&R procedure of choice. In Table 7b , D&R 4 again results in the lowest P(RL≤t) values, but for shown values of t ≤ 300. For most of the shown values of t ≥ 300, D&R 1 is the D&R procedure of choice. In Table 8b , D&R 1 results in the lowest P(R ≤t) values for each of the shown values of t except t: 30, 40, 50. Because D&R 1 is not the procedure of choice in Tables 6b and 7b for shown values of t ≤ 10 and t ≤ 200, respectively, this is an example of how the ARL can be misleading in choosing the appropriate D&R procedure to use in a shortrun situation.
The results from Tables 6b and 7b imply that, under the assumptions of this simulation, it is preferable to use subgroups that signal shifts in either the mean or the standard deviation in the construction of second stage control limits. The cost, in terms of the loss in reliability of second stage control limits, is higher by throwing out subgroups that signal shifts in either the mean or the standard deviation than it is by including them in the construction of second stage control limits.
The P(RL≤t) values for shown values of t ≤ 300 for D&R 4 and for shown values of t ≥ 300 for D&R 1 in Table 7b are lower than the lowest P(RL≤t) values in Tables 6b and 8b. The lowest P(RL≤t) values in Table 6b are higher  than those in Tables 7b and 8b . These results imply that, under the assumptions of this simulation, the type of OOC condition in Stage 1 has an effect on the P(RL≤t) values in Stage 2. Additionally, the lowest P(RL≤t) values in Table  1b are higher than those in Table 7b for shown values of t ≤ 200 and in Table 8b for shown values of t ≤ 100. These results imply that, under the assumptions of this simulation, having Stage 1 IC does not necessarily result in Stage 2 control limits with the lowest P(RL≤t) values.
An issue of concern is the P(RL≤t) values when t=1. In Table 6b , each of these values is much larger than 0.0086838, the theoretical probability of a false alarm. The closest one is 396.140% larger than 0.0086838. In Table 7b , each of these values is much smaller than 0.0086838. The closest one is 241.217% smaller than 0.0086838. In Table 8b , some of these values are reasonably close to 0.0086838, although others are not. These results are in contrast to the P(RL≤t) values when t=1 in Table 1b . Clearly, under the assumptions of this simulation, an OOC condition as well as the type of OOC condition in Stage 1 has a significant effect on the P(RL≤t) values when t=1 in Stage 2.
Again, the information in Tables 6a-8a indicates that D&R 1 and D&R 2 are iterating more than once. These multiple iterations seem to create conditions causing replications to be skipped and the chosen D&R procedure to be stopped. Also, if confidence intervals were constructed using the ARL and SDRL values in Tables 6a-8a , then, depending on the confidence level chosen, the ARL results in Tables 6a-8a may not be statistically significantly different.
Sample Runs for an IC Process in Stage 1 and an OOC Process in Stage 2
The next 18 sample runs of the program were for the process being IC during Stage 1 control charting and OOC during Stage 2 control charting. Two-stage short-run control charting for R) , X ( charts was simulated using all six D&R procedures for each OOC condition (MN, SD, MS). The results of these simulations are shown in Tables 9a-11b. Because the process is being simulated as OOC in Stage 2, it is desirable for the ARL and the APFL values in Tables 9a-11a to be as low as possible. Also, it is desirable for the P(RL≤t) values in Tables 9b-11b to be as high as possible (because they correspond to probabilities of detecting special causes within t or less subgroups after the shift in Stage 2), especially for small numbers of subgroups (because a short-run situation is in effect). Tables 9a  and 11a ) and D&R 4 (in Table 10a ) are the D&R procedures of choice. The ARL for D&R 2 in Table 11a is lower than the ARL values for  D&Rs 2 and 4 in Tables 9a and 10a , respectively. The ARL for D&R 2 in Table 9a is the highest of the three (it is 1423.680% larger than the ARL for D&R 2 in Table 11a ). These results imply that, under the assumptions of this simulation, the type of OOC condition in Stage 2 has an effect on the OOC ARL in Stage 2. As expected, the ARL values for each of the six D&R procedures in Tables 9a-11a are much lower than the respective ARL values in Table  1a .
Based on the ARL, D&R 2 (in
Based on the APFL, Tables 9a-11a indicate that D&R 4 is the D&R procedure of choice regardless of the OOC condition in Stage 2. This reaffirms the statement that, in terms of the APFL, it is preferable to use subgroups that signal false alarms in the construction of second stage control limits. Also, the APFL values for D&R 4 are reasonably close to 0.0086838, the theoretical probability of a false alarm. However, the APFL values for the other D&R procedures are slightly inflated.
The choice of the appropriate D&R procedure based on the P(RL≤t) values varies depending on the OOC condition as well as the subgroup number t. In Table 9b , D&R 2 results in the highest P(RL≤t) values for shown values of t ≤ 200 (except t=4). In Table 10b , D&Rs 5 (for shown values of t ≤ 10 (except t=1)), 2 (for shown values of t ≥ 15 and t ≤ 100), and 4 (for shown values of t ≥ 200) result in the highest P(RL≤t) values. In Table 11b , D&Rs 2 (for shown values of t ≤ 200, except t=1) and 4 (for shown values of t ≥ 100) result in the highest P(RL≤t) values. Because the ARL value in Table 10a is not the lowest for D&R 2 or D&R 5, this is another example of how the ARL can be misleading in choosing the appropriate D&R procedure in a short-run situation.
The largest P(RL≤t) values in Table 11b are larger than the largest P(RL≤t) values in Tables 9b and 10b . The largest P(RL≤t) values in Table 9b are lower than those in Tables 10b  and 11b . These results imply that, under the assumptions of this simulation, the type of OOC condition in Stage 2 has an effect on the P(RL≤t) values in Stage 2. As expected, the P(RL≤t) values for each of the six D&R procedures in Tables 9b-11b are much higher than the respective P(RL≤t) values in Table 1a .
The information in Tables 9a-11b presents another example of the tradeoff mentioned by Del Castillo (1995) between having a low probability of a false alarm and a high probability of detecting a special cause signal inherent with two-stage short-run control charts. Although D&R 4 results in the lowest APFL values regardless of the OOC condition in Stage 2, it also results in the lowest P(RL≤t) values for many of the shown values of t in Tables 9b and 10b .
Again, the information in Tables 9a-11a indicates that D&R 1 and D&R 2 are iterating more than once. These multiple iterations seem to create conditions causing replications to be skipped and the chosen D&R procedure to be stopped. Also, if confidence intervals were constructed using the ARL and SDRL values in Tables 9a-11a , then, depending on the confidence level chosen, the ARL results in Tables 9a-11a may not be statistically significantly different.
Sample Runs for an OOC Process in Stages 1 and 2
The final 18 sample runs of the program were for the process being OOC during both Stage 1 and Stage 2 control charting. Two-stage short-run control charting for R) , X ( charts was simulated using all six D&R procedures for each OOC condition (MN, SD, MS) in Stage 1 and one OOC condition (MN) in Stage 2. The results of these simulations are shown in Tables 12a-14b .
Because the process was simulated as OOC in Stage 2, it is desirable for the ARL and the APFL values in Tables 12a-14a to be as low as possible. Also, it is desirable for the P(RL≤t) values in Tables 12b-14b to be as high as possible (because they correspond to probabilities of detecting special causes within t or less subgroups after the shift in Stage 2), especially for small numbers of subgroups (because a short-run situation is in effect).
Based on the ARL, D&R 2 (in Tables  12a and 14a ) and D&R 3 (in Table 13a ) are the D&R procedures of choice. The ARL for D&R 3 in Table 13a is lower than the ARL values for  D&R 2 in Tables 12a and 14a. The ARL for  D&R 2 in Table 14a is the highest of the three. These results imply that, under the assumptions of this simulation, the type of OOC condition in Stage 1 has an effect on the OOC (MN) ARL in Stage 2. Additionally, the ARL values for each of the six D&R procedures in Table 9a Based on the APFL, Tables 12a-14a indicate that D&R 4 is the procedure of choice regardless of the OOC condition in Stage 1. This implies that, under the assumptions of this simulation, it is preferable to use subgroups that signal shifts in the mean, the standard deviation, or both in the construction of second stage control limits. The cost, in terms of the loss in reliability of second stage control limits, is higher by throwing out subgroups that signal shifts in the mean, the standard deviation, or both than it is by including them in the construction of second stage control limits. Additionally, comparing the APFL results in Table 9a with those in Tables 12a-14a reveals that, under the assumptions of this simulation, an MN in Stage 1 has the effect of increasing the APFL (see Table 12a ) and an SD in Stage 1 has the effect of decreasing the APFL (see Table  13a ).
An issue of concern is the differences in the APFL values from 0.0086838, the theoretical probability of a false alarm. The APFL value for D&R 4 in Table 13a indicates that D&R 3 is the D&R procedure of choice, this is another example of how the ARL can be misleading in choosing the appropriate D&R procedure in a short-run situation. The fact that the largest P(RL≤t) values in Table 14b are lower than  those in Tables 12b and 13b for most of the shown values of t implies that, under the assumptions of this simulation, the type of OOC condition in Stage 1 has an effect on the P(RL≤t) values in Stage 2.
Additionally, the largest P(RL≤t) values in Table 9b The information in Tables 12a-14b presents another example of the tradeoff mentioned by Del Castillo (1995) between having a low probability of a false alarm and a high probability of detecting a special cause signal inherent with two-stage short-run control charts. Although D&R 4 results in the lowest APFL values regardless of the OOC condition in Stage 1, it also results in the lowest P(RL≤t) values for many of the shown values of t in Tables 13b and 14b .
Again, as in the three previous subsections, the information in Tables 12a-14a indicates that D&R 1 and D&R 2 are iterating more than once. These multiple iterations seem to create conditions causing replications to be skipped and the chosen D&R procedure to be stopped. Also, if confidence intervals were constructed using the ARL and SDRL values in Tables 12a-14a , then, depending on the confidence level chosen, the ARL results in Tables 12a-14a may not be statistically significantly different.
Conclusion
The interpretation of the sample runs of the computer program establish the fact that no hard and fast rules can be developed regarding which D&R procedure is appropriate when performing two-stage short-run variables control charting. Under the assumptions of the simulations performed, the choice of the appropriate D&R procedure varies both among and within measurements, among control chart combinations, among IC and various OOC conditions in both stages, and among numbers of subgroups plotted in Stage 2. It may be possible that the choice of the appropriate D&R procedure varies among shift sizes and the timing of shifts, though this was not investigated.
If decisions cannot be made regarding values for these variables, then extensive sample runs similar to the ones in the previous section need to be performed. However, if certain values for these variables are desired, then the process of making sample runs and interpreting their results is much simpler. Stage 2: shift size of 1.50000 (same units as the mean) in the mean between subgroups 10 and 11.
------------------------------------------------------------------------------------------------Out-of-Control (OOC) Average Run Length (ARL) and Standard Deviation of the Run Length (SDRL) results ---------------------------------------------------ARL (in number of subgroups):
464.85809 SDRL (in number of subgroups):
693.
---------------------------------------------------------------------------------------------------
The Average Probability of a False Alarm (APFL) and the Standard Deviation of the Probability of a False Alarm (SDPFL) in the first 10 subgroups before the shift in Stage 2: ------------------------------------------------APFL: 0.03813 SDPFL: 0. 
------------------------------------------------Starting at subgroup 11 in Stage 2: -------------------------------------------t Number of RLs <= t P(RL <= t) ---------------------------------

